Heat-resistant mutants selected from infectious subvirion particles of mammalian reoviruses have determinative mutations in the major outer-capsid protein 1. Here we report the isolation and characterization of intragenic pseudoreversions of one such thermostabilizing mutation. From a plaque that had survived heat selection, a number of viruses with one shared mutation but different second-site mutations were isolated. The effect of the shared mutation alone or in combination with second-site mutations was examined using recoating genetics. The shared mutation, D371A, was found to confer (i) substantial thermostability, (ii) an infectivity defect that followed attachment but preceded viral protein synthesis, and (iii) resistance to 1 rearrangement in vitro, with an associated failure to lyse red blood cells. Three different second-site mutations were individually tested in combination with D371A and found to wholly or partially revert these phenotypes. Furthermore, when tested alone in recoated particles, each of these three second-site mutations conferred demonstrable thermolability. This and other evidence suggest that pseudoreversion of 1-based thermostabilization can occur by a general mechanism of 1-based thermolabilization, not requiring a specific compensatory mutation. The thermostabilizing mutation D371A as well as 9 of the 10 identified second-site mutations are located near contact regions between 1 trimers in the reovirus outer capsid. The availability of both thermostabilizing and thermolabilizing mutations in 1 should aid in defining the conformational rearrangements and mechanisms involved in membrane penetration during cell entry by this structurally complex nonenveloped animal virus.
The infectious virions of nonfusogenic mammalian orthoreovirus (reovirus) are nonenveloped icosahedral particles with a two-layered protein capsid encasing a 10-segment double-stranded RNA genome. The outer capsid comprises 200 heterohexamers of proteins 1 and 3 (1 3 3 3 ) arranged in a quasi-Tϭ13 (laevo) lattice that is substituted around the 12 icosahedral fivefold axes with the pentameric core-turret protein 2 (16, 22, 39) . The trimeric adhesion protein 1 protrudes as a long fiber from the top of the 2 turret (13, 18) . During infection, 3 is degraded by endosomal or intestinal proteases, yielding infectious subvirion particles (ISVPs) with 1 broadly exposed on the surface (2, 3, 12, 16, 19, 21, 31, 33) . Subsequent rearrangement of 1 to a protease-sensitive and hydrophobic conformer is associated with membrane penetration and delivery of transcriptionally active virus particles into the cytoplasm (7, 8) . A similar rearrangement can be promoted in vitro by various means, including heat treatment (7, 24, 25) . Thus, the particle form resulting from heat treatment is believed to be similar, if not identical, to the penetration-associated particle form, termed the ISVP* (7, 8, 24, 25) .
In the 1 trimer, each of the 1 molecules is coiled around the threefold axis by more than 360°. Each molecule folds into four distinct domains: I, II, and III, which are largely ␣-helical, and IV, which forms a ␤-barrel at the top of the trimer (22) . Mutant virus strains that are resistant to heat or ethanol inactivation exhibit delayed or impaired ISVP3ISVP* conversions (8, 20, 24) . These mutants have stabilizing mutations in 1, located in domains III and IV in the upper portions of the 1 trimer, near intersubunit contacts either within or between trimers. This, as well as evidence from engineered virus particles with disulfide bridges that lock the top domains together within each trimer (38) , has led to the proposal that ISVP3ISVP* conversion requires unwinding at the top of the trimer (8, 22, 24, 38) . Rearrangement must also translate to the bottom portions of 1, however, to allow cleavage and release of the N-terminal myristoylated fragment 1N, which appears to be required for membrane penetration (1, 22, 29, 30) . The postconversion structure of the particle-associated 1 fragment(s) remains unknown.
In an initial study of reovirus heat-resistant (HR) mutants selected by heat inactivation of ISVPs, several were found to have two amino acid substitutions in the 1 protein, but the relative effect of each of these changes was not addressed experimentally (24) . In the current report, we demonstrate that at least one of these "double" mutants arose from an initial plaque that contained viruses with one shared mutation but a number of different second-site mutations. To test the hypothesis that the second-site mutations represent different intragenic pseudoreversions of the shared mutation, the effects of the two mutations were examined alone and in combination using recoating genetics (9, 10) . The results provide further evidence that inactivation-resistant mutants are useful reagents for exploring the molecular basis of reovirus outercapsid stability, as well as the conformational rearrangements and mechanisms involved in membrane penetration during cell entry by this nonenveloped animal virus.
MATERIALS AND METHODS
Cells. Spinner-adapted mouse L929 cells were grown in Joklik's modified minimal essential medium (Irvine Scientific) supplemented to contain 2% fetal bovine and 2% bovine calf sera (HyClone) in addition to 2 mM glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin (Irvine Scientific). Spodoptera frugiperda clone 21 and Trichoplusia ni TN-BTI-564 (High Five) insect cells (Invitrogen) were grown in TC-100 medium (Invitrogen) supplemented to contain 10% heat-inactivated fetal bovine serum.
Virus stocks. Virions were grown in spinner cultures of murine L929 cells, purified according to the standard protocol (18) , and stored in virion buffer (VB; 150 mM NaCl, 20 mM MgCl 2 , 10 mM Tris [pH 7.5]) at 4°C. Purified cores for use in recoating were prepared from type 1 Lang (T1L) virions as described elsewhere (9) , except that virions were digested with 250 g/ml chymotrypsin for 2 to 4 h. Particle concentrations were estimated by A 260 (15) or by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Cell lysate stocks were grown in L929 cell monolayers, harvested by two rounds of freezing and thawing, and stored at 4°C.
Isolation of new double mutants. As described by Middleton et al. (24) and as diagrammed in Fig. 1 , the first plaque of HR mutant IL54-5 was grown into passage 1 and 2 (P1 and P2) stocks before being subjected to further plaque purifications and amplifications to yield cell lysate stocks of IL54-5-a, which gave rise to the previously reported M2 sequence of this clone. For the current study, the initial P1 stock was reused for picking 33 new plaques of various sizes (Fig.  1) , each into 0.5 ml of phosphate-buffered saline (PBS) (137 mM NaCl, 8 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , 2.7 mM KCl [pH 7.5]) supplemented with 2 mM MgCl 2 (PBS-Mg). The picked suspension of each of these new plaques was then frozen and thawed twice and directly used for replaquing. These new plaques were grown into new P1 and P2 stocks (Fig. 1) by the methods described previously (24) , and the P2 stocks were then used for M2 sequence determinations as described below.
Sequencing. The initial P2 stock of HR mutant IL54-5 was used to infect cells for obtaining purified virions. Cores were derived from the virions and used to generate plus-strand transcripts; these transcripts were then amplified by reverse transcription-PCR (RT-PCR), followed by sequencing of the M2 gene (Fig. 1) by the methods described previously (24) . For sequencing from infected-cell lysates of the 33 new clones of IL54-5 described above, 2.4 ϫ 10 6 L929 cells were infected with P2 stock at a multiplicity of 1 or 0.1 PFU/cell. At 19 h postinfection (p.i.), total RNA was harvested using the RNeasy kit (QIAGEN). Plus-strand transcripts were reverse-transcribed using Superscript II reverse transcriptase (Invitrogen) and PCR amplified with Platinum PCR Supermix (Invitrogen). PCR products were agarose gel purified using a gel purification kit (QIAGEN) and sequenced at the Dana-Farber/Harvard Cancer Center DNA Resource Core.
RCs. Recoated cores (RCs) were made with baculovirus-expressed wild-type (WT) T1L 3, WT T1L 1, and either WT T1L 1, WT T3D 1, or mutant 1, as described previously (9) , with the following changes. Cores were incubated with insect cell lysates for 2 to 15 h to assemble the outer capsid, and RCs were purified by banding on CsCl step gradients ( ϭ 1.30 to 1.45 g/cm 3 ). Baculoviruses expressing mutant 1 were made from the M2 genome segments cloned by RT-PCR as described below. SDS-PAGE and densitometry were used to confirm that RCs contained a full complement of 1 and 3.
SDS-PAGE and immunoblotting. Samples were subjected to SDS-PAGE (10% polyacrylamide) as described elsewhere (6) . Proteins were visualized by staining with Coomassie brilliant blue R-250 (Sigma-Aldrich). For immunoblotting, proteins were transferred to nitrocellulose and detected with rabbit T1L-virion-specific serum (1:1,000) (36), followed by rabbit-specific donkey immunoglobulin G conjugated to horseradish peroxidase (1:5,000) (Jackson ImmunoResearch). Antibody binding was detected with Western Lightning chemiluminescence reagents (PerkinElmer) and a Typhoon scanner (GE Healthcare) in chemiluminescence mode.
Plaque assays. Chymotrypsin-overlay plaque assays were performed as described elsewhere (24) .
Heat inactivation. For the screening of putative mutants (Fig. 2) , chymotrypsin digests of cell lysate stocks were made by diluting stocks 1/10 in VB and treating them with 200 g/ml N␣-p-tosyl-L-lysine chloromethyl ketone (TLCK)-treated ␣-chymotrypsin (Sigma-Aldrich) for 30 min at 37°C. Digestion was stopped by the addition of 2 mM ethanolic phenylmethylsulfonyl fluoride (PMSF). Chymotrypsin digests were diluted 1/10 in PBS-Mg; half was then subjected to heat treatment at 52°C for 30 min, while the rest was held at room temperature. For heat inactivation of RCs (Fig. 3) , ISVP-like particles (pRCs) were obtained by digesting RCs at a concentration of 9 ϫ 10 11 or 1 ϫ 10 12 particles/ml in VB with 200 g/ml chymotrypsin for 15 min at 37°C. Digestion was stopped by the addition of 1 mM PMSF and incubation on ice for at least 10 min. Production of ISVPs, including the appropriate cleavage products of 1, was confirmed by SDS-PAGE. pRCs were diluted to 1 ϫ 10 10 particles/ml in cold VB and treated for 15 min at the indicated temperatures or on ice. Samples were removed to an ice bath after heat treatment.
Flow cytometry. WT(T1L)-RCs or D371A-RCs containing 1 were adsorbed at 6 ϫ 10 4 particles/cell to L929 cells in a 1:1 solution of VB and PBS-Mg for 90 min on ice, with periodic agitation. Cells were then washed twice with cold PBS-Mg and resuspended in media. An aliquot was shifted to 37°C ("infection aliquot") in a 24-well plate, while the rest ("attachment aliquot") was fixed immediately in ϳ2% paraformaldehyde for 20 min on ice and washed twice in 0.5% bovine serum albumin in PBS (PBSA). At 16 h p.i., the infection aliquot was washed gently with PBS, and cells were removed from the plate with trypsin. Cells were collected by centrifugation and fixed with 2.5% paraformaldehyde as described above. The infection aliquot was permeabilized with 0.1% Triton X-100 in PBSA for 30 min on ice. The attachment aliquot was labeled with the 3-specific mouse monoclonal antibody 10G10 (35) (1:500) for ϳ100 min at room temperature, followed by mouse-specific secondary antibody conjugated to AlexaFluor488 (Invitrogen) for ϳ45 min at room temperature. The infection aliquot was labeled as above, except that NS-specific rabbit serum (1:5,000) (5) and rabbit-specific secondary antibody were used. Labeling was assayed on a FACSCalibur flow cytometer (BD Biosciences). For each sample, 5,500 to 10,000 events were collected, and histogram heights were normalized to equivalent numbers of events. Data were analyzed with CellQuest software (BD Biosciences) and MFI software (E. Martz, University of Massachusetts, Amherst).
Hemolysis and protease-sensitivity assays. pRCs were made by digesting RCs at a concentration of 2.5 ϫ 10 12 to 5 ϫ 10 12 particles/ml in VB with 200 g/ml chymotrypsin for 10 min at 32°C. For hemolysis experiments including thermolabilizing mutations, pRCs were made instead at 23°C for 15 min. Digestion was stopped by the addition of 1 mM PMSF and incubation on ice for at least 10 min. Hemolysis reactions were performed in VB with 400 mM CsCl. 12 pRCs/ml. Reaction mixtures were centrifuged at 380 ϫ g for 2 to 5 min to pellet unlysed cells. An aliquot of supernatant was then diluted either 5ϫ or 10ϫ with VB, and absorbance at 405 nm (A 405 ) was measured in a microplate reader (Molecular Devices). The percentage of hemolysis was calculated as [(A 405 (sample) Ϫ A 405 (blank) )/(A 405 (detergent) Ϫ A 405 (blank) )] ϫ 100%, where the blank reaction mixture contained all components except pRCs and the detergent reaction mixture was the same as the blank, except that it contained 1% Triton X-100. An aliquot of the remaining supernatant was assayed for 1 conformational change by incubating it with 100 g/ml trypsin on ice for 45 min, followed by incubation with 300 g/ml soybean trypsin inhibitor for at least 15 min. Time course experiments such as that shown in Fig. 6C were generated by incubating hemolysis reaction mixtures containing ϳ3% (vol/vol) RBCs and 2 ϫ 10 12 particles/ml in a microplate reader (Molecular Devices) preequilibrated at 37°C. Absorbance at 650 nm (A 650 ) was measured every 10 s, with a 1-s shake between each read. Relative absorbance was calculated as [(A 650 (sample) Ϫ A 405 (detergent) )/(A 405 (blank) Ϫ A 405 (detergent) )] ϫ 100%, where the blank and detergent reactions were assembled as described above.
Molecular graphics. The crystal structure images in Fig. 7 were created using PyMol v0.95 (DeLano Scientific).
RESULTS

Descendants of a virus particle that survived heat selection contain different second-site mutations.
In a recent study, Middleton et al. (24) found that three of the nine HR mutants isolated by heat selection from reovirus T1L or T3D ISVPs have two mutations in the major outer-capsid protein 1. For example, a serially plaque-purified clone of the IL54-5 mutant, which was selected at 54°C and is called IL54-5-a in this report, contains 1 mutations D371A and A184V. We hypothesized that one of these mutations was selected initially to confer thermostability at 54°C but that it also conferred a growth defect, such that the other mutation was then selected as an intragenic pseudoreversion to restore fitness for growth. In that case, a mixture of progeny viruses with different rescuing pseudoreversions may have arisen within the initial plaque and/or stocks derived directly from it. To test for this possibility, the 1-encoding M2 gene of purified virions derived from the initial IL54-5 plaque prior to additional plaque purifications was sequenced following RT-PCR amplification of corederived plus-strand transcripts (Fig. 1) . Both of the previously identified mutations, D371A and A184V, were present; however, the population contained a mixture of sequences at amino acid position 184 (nucleotide position 1141), with only about one-third containing the A184V mutation and the remainder being WT (Fig. 1) . Inspection of the DNA-sequencing electropherograms did not reveal any other positions with an obvious mixture of sequences. We recognized, nonetheless, that virions containing other secondary mutations may be present in the stock, but at a low enough frequency so as not to have been detected in the population sequence.
To search for virions with other secondary mutations, 33 new clones (IL54-5-1 to IL54-5-33) were isolated from the apparently mixed stock by serial plaque purifications (Fig. 1) . Chymotrypsin digests of cell lysate stocks (24) were screened for heat resistance by treatment at 52°C for 30 min (Fig. 2) . A range of heat resistance phenotypes was observed, suggesting that at least some of the new clones may contain different secondary mutations that affect the thermostability of ISVPs. (mutations D371A and S134L) (C); or ID46-2 (mutations Y431C and T325A) (E) or a combination of mutations from IL62-3 and IL54-5-16 (mutations K459E and S134L) (D). After digestion with chymotrypsin to yield pRCs, virus was subjected to treatment at the indicated temperature for 15 min. Infectivity change is expressed as log 10 (infectious titer), measured by plaque assay, relative to an aliquot of each sample held on ice. Each point represents the mean of two determinations, except points in parentheses, for which one of the replicates resulted in a titer below the limit of detection.
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M2 genes from the new clones were sequenced after RT-PCR amplification of the viral plus-strand transcripts in infected-cell lysates ( Table 1 ). All of the 33 clones were found to contain the D371A mutation. In addition, each clone was found to contain one other amino acid substitution in 1: 22 clones contained the same second-site mutation as IL54-5-a, A184V, while the remaining 11 clones contained different second-site mutations. In total, 10 different second-site mutations at 9 different positions in the 1 sequence were identified. None of the clones contained only the D371A mutation without a second mutation. These findings are consistent with the hypothesis that D371A is the initial mutation that granted heat resistance to the original particle that survived the 54°C selection but that it also conferred a growth defect that required either direct reversion (not seen in this set of 33 clones) or pseudoreversion to restore fitness for growth. The frequency with which A184V was found as the second-site mutation among these clones could indicate that it arose early in the formation of the initial IL54-5 plaque and thus had greater opportunity for amplification (23) or that it imparts a fitness advantage relative to other second-site mutations. The D371A mutation is thermostabilizing. To directly test the hypothesis that D371A is the heat resistance mutation, RCs (9, 10) were made containing this mutation alone. These particles, together with RCs made with WT T1L 1, were next digested with chymotrypsin to yield pRCs that contained the expected fragments of 1 (9) (see Fig. 6 and data not shown). The pRCs were then subjected to heat treatment at a range of temperatures ( Fig. 3A through C) . WT-pRCs were found to be inactivated at treatment temperatures between 52 and 54°C, with the titer falling to below detectable levels by 54 or 56°C, as reported previously (24, 25) . In contrast, D371A-pRCs remained resistant to inactivation at treatment temperatures up to 62°C, with the titer significantly reduced or below detectable levels after treatment at 64°C. Nearly identical inactivation behavior was observed with pRCs derived from three separate preparations of D371A-RCs (Fig. 3A through C) . These results demonstrate that the D371A mutation alone is sufficient to confer substantial thermostability to pRCs.
Second-site mutations counteract D371A-conferred thermostability. To determine the effect of the second-site mutations, pRCs containing the double mutations from clones IL54-5-a (D371AϩA184V), IL54-5-8 (D371AϩP277T), and IL54-5-16 (D371AϩS134L) were generated. The first of these clones was chosen for analysis because it contains the most common second-site mutation, A184V. The other two clones were chosen because they were substantially inactivated upon treatment of ISVPs at 52°C (Fig. 2) , suggesting that these particular secondsite mutations have a more pronounced effect on the D371A-conferred thermostability.
When D371AϩA184V-pRCs were subjected to heat treatment at a range of temperatures, these particles exhibited a partial degree of heat resistance, less than that of D371A-pRCs but more than that of WT-pRCs (Fig. 3A) . These results demonstrate that second-site mutation A184V is sufficient for partial pseudoreversion of the heat resistance phenotype conferred by the D371A mutation. On the other hand, both D371AϩP277T-pRCs and D371AϩS134L-pRCs failed to exhibit heat resistance but were instead inactivated at temperatures similar to that required for inactivation of WT-pRCs ( Fig. 3B and C ). These results demonstrate that second-site mutation P277T or S134L is sufficient for approximately complete pseudoreversion of the heat resistance phenotype conferred by the D371A mutation.
Second-site mutations are thermolabilizing. Since secondsite mutations S134L, A184V, and P277T each fully or partially counteracts D371A-conferred thermostability, returning the thermostability of pRCs toward WT levels, we hypothesized that each of these second-site mutations on its own, in the absence of the D371A mutation, may destabilize the 1 protein in pRCs. To test this hypothesis, pRCs containing each of the mutations alone (A184V-pRCs, P277T-pRCs, and S134L-pRCs) were generated and subjected to heat treatments at a range of temperatures. We were unable to generate A184V-pRCs containing 1, and as a result, the data for this mutant were generated using pRCs lacking 1. Previous work has suggested that the presence of 1 does not affect ISVP stability (9); in addition, WT-pRCs, D371A-pRCs, and A184Vϩ D371A-pRCs with and without 1 exhibited similar heat inactivation profiles (data not shown). In the cases of the S134L and P277T mutations, the pRCs were dramatically thermolabilized, becoming inactivated at treatment temperatures at least 10°C lower than that required to inactivate WT-pRCs ( Fig. 3B  and C) . In the case of the A184V mutation, the pRCs were also thermolabilized, although not to the extent of the other two second-site mutations, becoming inactivated at treatment temperatures ϳ4°C lower than that required to inactivate WTpRCs (Fig. 3A) . In sum, the results described in this and the preceding two sections suggest that the thermostabilizing effect of the primary mutation D371A and the thermolabilizing effect of the secondary mutation S134L, A184V, or P277T are in opposition, largely if not wholly independent, and approximately additive.
Thermolabilizing mutation S134L also counteracts the thermostabilizing mutation K459E. To address whether the counteracting effects of the thermolabilizing mutations are strictly specific to D371A, pRCs containing S134L and a different a Designations are the nucleotide in the T1L WT M2 sequence, the nucleotide number, and the nucleotide in the mutant M2 sequence.
b Deduced from each M2 nucleotide sequence. Designations are the amino acid in the T1L WT 1 sequence, the amino acid number, and the amino acid in the mutant 1 sequence.
c Silent mutation.
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on October 15, 2017 by guest http://jvi.asm.org/ thermostabilizing mutation, K459E, were created. The K459E mutation was selected in previous studies for both heat resistance (24) and ethanol resistance (20) . As with the D371A mutation, the thermostabilizing effect of K459E was completely reverted by the incorporation of S134L (Fig. 3C) . We therefore conclude that the counteracting effects of the thermolabilizing mutation S134L are not strictly specific to D371A. Since D371 and K459 form a salt bridge in the WT T1L 1 structure (22), it may be that mutations D371A and K459E, which both eliminate the salt bridge, are thermostabilizing through the same basic structural mechanism, in which case it may not be surprising that a pseudoreversion of D371A also counteracts K459E. A mutation from an independent double mutant is thermolabilizing. In addition to IL54-5, isolated from reovirus T1L, two other HR mutants with double mutations in 1 were isolated from reovirus T3D in the initial heat resistance selection (24). These two mutants both contain the mutation Y431C and one other mutation: T325A in mutant ID46-2 and E89Q in mutant ID46-4. Although attempts to obtain RCs with Y431C alone failed for unknown reasons, pRCs were successfully made containing T325A alone or Y431CϩT325A in T3D 1. Heat-inactivation curves (Fig. 3D) revealed that T325A is a thermolabilizing mutation, as pRCs containing this mutation were inactivated at temperatures approximately 8°C lower than pRCs containing WT T3D 1. However, pRCs containing both T325A and Y431C were inactivated at temperatures similar to those for WT, suggesting that Y431C is a thermostabilizing mutation that is counteracted by T325A.
Thermostabilizing mutation D371A confers an infectivity defect that is reverted by the thermolabilizing mutation S134L, A184V, or P277T. The observation that D371A is accompanied by a second-site mutation in all of the virus clones that we examined is consistent with the hypothesis that D371A-conferred thermostability also imparts a growth defect, possibly a defect in cell entry due to "overstabilization" of 1, requiring a secondary destabilizing mutation to improve its fitness for growth. To test this hypothesis, infectivities of RCs were measured by plaque assay and expressed as particle/PFU values relative to those of the cores used for recoating (Fig. 4) . Since relative infectivity can be influenced by differential incorporation of the adhesion fiber 1 during recoating, RCs made both without 1 (Fig. 4A ) and with 1 (Fig. 4B) were analyzed. WT-RCs without and with 1 were found to have relative infectivities ϳ100-fold and ϳ100,000-fold greater than cores, respectively, as reported previously (9, 10). In both cases, D371A-RCs were significantly less infectious than WTRCs. In contrast, RCs containing both D371A and a secondsite mutation, or one of the second-site mutations alone, had infectivities similar to that of WT-RCs. These results suggest that the D371A mutation confers an infectivity defect. Infectivity experiments were scored by counting plaques 2 to 3 days after inoculation, after several cycles of virus replication; however, since the experiments were performed with RCs, which contain mutant 1 protein but WT genome, any phenotype must result from an effect of the input RC-associated 1 protein on the first round of replication.
To examine the first round of infection more directly, synthesis of the nonstructural protein NS was assayed by flow   FIG. 4 . Effect of double mutations on infectivity. RCs were made with 1 proteins containing double mutations, or each mutation in isolation, identified from clones IL54-5-a (thermostabilizing mutation D371A and thermolabilizing mutation A184V), IL54-5-8 (thermostabilizing mutation D371A and thermolabilizing mutation P277T), and IL54-5-16 (thermostabilizing mutation D371A and thermolabilizing mutation S134L). Infectivity was measured by plaque assay, and relative infectivity is expressed as the log 10 of the particle/PFU ratio of the RC preparation after subtracting log 10 of the particle/PFU ratio of the cores used for recoating. RCs made without 1 (A) and with 1 (B) were assayed. A184V-RCs with 1 are omitted because, for unknown reasons, they could not be generated in several attempts. Error bars indicate the means Ϯ the standard deviations of the results from three or more RC preparations, and overlapping bars represent the results from two RC preparations. cytometry (Fig. 5 ). Experiments were performed with four different preparations each of WT-RCs and D371A-RCs. Virus was adsorbed to L929 cells in suspension at 0°C for 90 min, and then cells were washed and resuspended in media. An aliquot was fixed at 0 h p.i. and labeled with 3-specific antibody to measure attachment (Fig. 5, left panels) , and the rest was incubated at 37°C to allow infection to proceed. At 16 h p.i., cells were fixed, permeabilized, and labeled with a NSspecific antibody (Fig. 5, right panels) . Although the eight RC preparations exhibited various levels of attachment, two of the D371A-RC preparations had attachment that was at least as good as that of the WT-RC preparations. Nevertheless, none of the D371A-RC preparations yielded significant NS synthesis by 16 h p.i. These results suggest that D371A-RCs are defective at an early step in infection, after attachment but before viral protein synthesis. Thermostabilizing mutation D371A confers resistance to ISVP* conversion, which is reverted by thermolabilizing mutation S134L, A184V, or P277T. In previous work on HR mutants, Middleton et al. (24) found that thermostability is associated with resistance to 1 rearrangement to a proteasesensitive conformer. Protease sensitivity of 1 is also a hallmark of ISVP* conversion and associated hemolysis activity (7) . According to the hypothesis that D371A "overstabilizes" 1, D371A-pRCs were expected to resist ISVP* conversion and therefore also to be defective at mediating hemolysis. This was confirmed by performing a hemolysis time course with D371A-pRCs and WT-pRCs at 37°C (Fig. 6A) . While WT pRCs mediated hemolysis by 32 min in this experiment, D371A-pRCs completely failed to hemolyze for at least 150 min, when the experiment was terminated.
To test the capacity of the second-site mutations to revert the hemolysis defect conferred by D371A, pRCs containing both D371A and a second-site mutation, or a second-site mutation alone, were tested for hemolysis activity (Fig. 6B) . After 30 min at 37°C, all except D371AϩA184V-pRCs mediated WT-like levels of hemolysis. However, when incubated at 42°C, this mutant was also able to hemolyze, while D371A-pRCs remained defective (Fig. 6B) . These results indicate that all three of the second-site mutations tested at least partially revert the hemolysis defect conferred by D371A and are consistent with the observation that although A184V is thermolabilizing, the A184VϩD371A double mutant is still more heat resistant than the WT. The conformation of 1 in the hemolysis reactions was assayed by trypsin digestion on ice (Fig. 6B) , and as expected, hemolysis activity was accompanied by 1 rearrangement to a protease-sensitive conformer in all cases.
Hemolysis time courses with all of the mutants (Fig. 6C ) revealed that pRCs containing second-site mutations alone (A184V-pRCs, P277T-pRCs, and S134L-pRCs) undergo very rapid ISVP* conversion, before that of WT-pRCs. Furthermore, the onset of ISVP* conversion mirrors the relative thermolability of these mutations (compare Fig. 6C with Fig. 3A  through C) . The double mutants P277TϩD371A-pRC and S134LϩD371A-pRC also exhibit accelerated ISVP* conversion, intermediate between that of WT-pRCs and pRCs containing the respective destabilizing mutations alone. The concentration dependence of the kinetics of ISVP* conversion (4, 7, 26; M. A. Agosto, K. S. Myers, and M. L. Nibert, unpublished data) is evident in the discrepancy in the hemolysis time courses in Fig. 6A and C, which were performed at 4 ϫ 10 12 and 2 ϫ 10 12 pRCs/ml, respectively.
DISCUSSION
Viruses with 10 different double-mutation M2 genotypes were derived from the plaque of a virus particle that had survived heat selection with ISVPs at 54°C. Each of these viruses contains two amino acid substitutions in the 1 protein: D371A and a second-site mutation that is located at different positions in different viruses. Using RCs to study the effects of separating the two mutations, D371A was found to confer (i) increased thermostability (Fig. 3) , (ii) an infectivity defect that followed attachment but preceded viral protein synthesis (Fig.  4 and 5) , and (iii) resistance to 1 rearrangement (reflecting ISVP* conversion) in vitro, with an associated failure to lyse (Fig. 6) . Together, these data suggest that the D371A mutation impairs the membrane penetration function of reovirus by impeding 1 rearrangement. The three second-site mutations that we tested in RCs were found to revert, in whole or in part, the thermostability, infectivity, and hemolysis phenotypes conferred by D371A (Fig. 3,  4, and 6 ). The second-site mutation A184V provided partial reversion of the thermostability and ISVP* conversion phenotypes of D371A, whereas the second-site mutations S134L and P277T provided approximately complete reversion of these phenotypes. The observations that IL54-5a (A184VϩD371A), as well as several of the other clones, remains more thermostable than WT (Fig. 2 and 3) , and that each of the virus clones isolated from the mixed stock has a second-site mutation in 1, in addition to D371A, suggest that the D371A-conferred infectivity defect is severe enough to give a growth advantage to viruses with pseudoreversions that even partially rescue the heat resistance phenotype of D371A.
The three double mutants tested in RCs appear to have similar infectivities (Fig. 4) . However, we have not specifically addressed the relative fitness advantage for growth imparted by the different second-site mutations. As noted in Results, the fact that the A184V mutation was encountered much more frequently than any of the others may indicate that it is more fit for growth but may just as well indicate that it arose early during formation of the initial plaque (23) . Repeated passage of the mixed stock of the HR mutant IL54-5 might result in greater amplification of the most fit pseudoreversions and the loss of others. Nevertheless, the fact that each pseudorevertant clone was serially plaque purified and passaged before sequencing suggests that all of them are at least fit enough to be maintained through this degree of amplification in culture.
The different second-site mutations span a large region of 1 primary sequence, between residues 40 and 533. Eight of the nine positions of second-site mutations are in the central, ␦-fragment region of 1, as is the primary mutation D371A (Fig. 7A) . The second-site mutation at residue 40 (M40I), however, is in the N-terminal, 1N-fragment region of 1. This (16, 24, 27, 32) . Two 1 trimers related by quasi-twofold symmetry are indicated by yellow outlines. (C through E) Locations of double mutations in the 1 trimer crystal structure (22) and model of the trimer-trimer interface (39) . The two trimers shown are related by quasi-twofold symmetry, analogous to the trimers outlined in panel B. The position of thermostabilizing mutation D371A is shown in red, and that of orthologous thermostabilizing mutation K459E is shown in purple. Second-site mutations are shown in yellow. Views from the side (C), top (D), and bottom (E) are shown.
is the first direct evidence that the 1N region can influence the thermostability of ISVPs, although this is not surprising, given that most of the length of 1N is buried inside the folded 1 trimer structure (22) . The other mutations discussed in this report-K459E, Y431C, T325A, and E89K-are all within the ␦-fragment region of 1.
The variety of second-site mutations, most at some distance from residue 371 in the 1 trimer structure (Fig. 7C through  E) , suggests that intragenic pseudoreversion of a thermostabilizing mutation can occur by a general mechanism of thermolabilization, not requiring a compensatory mutation that specifically counteracts the initial mutation. This is supported by the finding that the thermolabilizing mutation S134L reverts the heat resistance phenotype of the orthologous thermostabilizing mutation K459E (Fig. 3C) as well as that of D371A. Furthermore, the presence of the thermolabilizing mutation T325A in the double mutant ID46-2 (Y431CϩT325A) strongly suggests that Y431C/T325A is another thermostabilizing/thermolabilizing pair (Fig. 3D) . If so, that would indicate that pseudoreversion is not limited to D371A but could occur in the context of a variety of different thermostabilizing mutations. On the other hand, the effect of second-site mutation Q372E in the double mutant IL54-5-1 (D371AϩQ372E) may be specific to the thermostabilizing mutation D371A, as it is adjacent in the primary sequence and returns an acidic residue that could potentially restore the salt bridge with K459 (22) . Experiments with different mutant forms of 1 in purified trimers (38) will be needed to prove whether the effects of the different thermostabilizing and thermolabilizing mutations are inherent to each 1 trimer or at least partly dependent on contacts within the networked lattice of the 1 outer capsid (see below).
Pseudoreversion of entry defects has been reported for other viruses. For example, an E-protein mutant of yellow fever virus, with impaired cell entry and spread, yielded second-site reversion mutations, also in the E protein, which were hypothesized to affect its hinge-like conformational change during membrane fusion (37) . Similarly, a fusion block mutation in the Semliki Forest virus E1 fusion protein also yielded secondsite reversion mutations, located within the hinge region, the membrane-interacting tip, and the predicted stem groove (11) . Some of the reversion mutations were the same as ones selected previously for cholesterol-independent fusion activity (14, 34) .
In the reovirus outer capsid, 1 trimers contact neighboring trimers across local quasi-twofold axes (16, 22, 39) (Fig. 7B) . These contacts are concentrated in two distinct regions, one near the top of each trimer and one near the base (39) (Fig.  7C) . The thermostabilizing mutations D371A and K459E are located near the upper trimer-trimer contact region, and with one exception (see next paragraph), the second-site mutations from IL54-5 are located near either the upper or lower contact region: T332I, Q372E, and N533D near the upper and S132L, S134L, A184V, and P277L/T near the lower (Fig. 7C through  E ). Residue 87, at which another second-site mutation (P87Q) is located, is not visible in the 1-3 crystal structure (22) , but in a high-resolution electron-cryomicroscopy reconstruction of the virion, the loop containing this residue is seen to project across the quasi-twofold axis near the base of the 1 trimer and to make contacts with the neighboring trimer (39) . In sum, these findings suggest that the reovirus outer capsid can be either thermostabilized or thermolabilized by mutations that affect the trimer-trimer contacts across these local twofold axes.
The two mutations in ID46-2, including the thermolabilizing mutation T325A, are located near the top of the 1 trimer at intersubunit contacts within the trimer. This not surprisingly suggests that the reovirus outer capsid can also be either thermostabilized or thermolabilized by mutations that affect the intersubunit contacts within trimers. Interestingly, however, in ID46-4, the other double mutant with the putatively thermostabilizing mutation Y431C, the second-site mutation is E89K, which is again found in the loop that projects across the quasitwofold axis near the base of the 1 trimer and makes contacts with the neighboring trimer. Thus, in this case, it appears that a putatively thermolabilizing mutation (E89K) that affects trimer-trimer contacts can counteract a putatively thermostabilizing mutation (Y431C) that affects intersubunit contacts within trimers. Similarly, the second-site mutation in IL54-5-14, M40I, which is mentioned as an exception in the preceding paragraph, is found near the base of the 1 trimer and makes intersubunit contacts within trimers. Thus, in this case, it appears that a putatively thermolabilizing mutation (M40I) that affects intersubunit contacts within trimers can counteract a thermostabilizing mutation (D371A) that affects trimer-trimer contacts. In conclusion, it seems likely that intersubunit contacts both within and between trimers work in concert to regulate reovirus outer-capsid stability and that changes in one can compensate for changes in the other.
It has been proposed that 1 rearrangement begins with unwinding at the top of the trimer and that stabilizing mutations prevent unwinding by locking the tops of the trimers (22, 24, 38) . However, the thermolabilizing mutations S134L and P277T, at the base of the trimer, were found to revert thermostability conferred by D371A, which is at the top of the trimer. Similarly, the putatively thermolabilizing mutation E89K, at the base of the trimer, may revert the putatively thermostabilizing mutation Y431C, at the top of the trimer. These examples suggest that 1 rearrangement is regulated in concert by contacts over nearly the full radial span of the trimer and that the top-down order of the rearrangement might not be strictly required.
In the virus particle, 200 1 trimers are arranged with quasi-Tϭ13 (laevo) symmetry, substituted around the 12 icosahedral fivefold axes with pentameric 2 turrets (16). As a result, there are five different types of quasi-twofold axes at which 1 trimers contact each other, and a related interface at which a 1 trimer contacts 2. Of the 200 1 trimers, 60 participate in this 1-2 interaction on one side. These contacts involve residues at the base of the 1 trimer, in a region overlapping that of the related trimer-trimer contacts (39) . Thus, the second-site mutations near the twofold axes at the base of the 1 trimer (P87Q, E89K, S132L, S134L, A184V, and P277L/T) may affect trimer-2 contacts as well as trimer-trimer contacts, which may also contribute to labilizing the outer capsid.
The results in this report reveal the special utility of "double" HR mutants for identifying thermolabilizing mutations as well as for identifying thermostabilizing mutations that impart a large infectivity defect. Infectivity defects attributable to the previously characterized "single" HR mutants were small at most (24) . The described strategy of exploring the genetic diver- sity of the initial plaque after heat selection, prior to further plaque purifications, is also useful. Although the 1 mutations D371A and K459E thermostabilize pRCs to similar extents (Fig. 3) , intragenic pseudoreversion was not observed with the K459E-containing mutant, IL62-3 (24) . One possible explanation is that D371A confers slightly greater stability, placing virus particles just over a threshold at which stabilization begins to translate to an infectivity disadvantage. Interestingly, even though a defect was not consistently detected in single-cycle growth curves, IL62-3 formed smaller plaques than WT T1L (24) , suggesting that K459E may place virus particles close to this threshold as well. Alternatively, there may be a specific effect of the D371A mutation that leads to a greater impairment on infectivity or growth than does K459E. For example, although not revealed by in vitro recoating, D371A might also impart an assembly defect that impairs growth. It is also possible that the IL62-3 mutant has a growth-enhancing pseudoreversion in another gene. Further experiments are needed to distinguish among these and other possibilities.
Studies of enzymes from organisms adapted to different temperatures indicate that efficient catalysis depends on an appropriate balance between thermostability and flexibility (17) . Similarly, proper deployment of the reovirus membrane penetration machinery likely depends on tuning outer-capsid stability within a relatively narrow window. The ISVP outer capsid must be stable enough to avoid denaturation or premature ISVP* conversion yet remain susceptible to conversion when appropriate for cell entry. The specific factors that promote ISVP* conversion in cells are not well understood. However, the results of this study, as well as previous work with an engineered hyperstable mutant (8) , suggest that the capacity of reovirus to capitalize on the thermal energy of its surroundings is important and therefore subject to selective pressure. Having a large collection of both thermostabilizing and thermolabilizing mutations in 1 should aid in ongoing studies of its conformational rearrangements during cell entry as well as its roles in reovirus outer-capsid stability.
